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Description 



This invention relates to the general fields of gase- s 
ous fuel compression and fuel control in terms of both 
systems and methods and more particularly to an 
improved system and method that utilizes a helical flow 
compressor/turbine permanent magnet motor/genera- 
tor to compress and control gaseous fuel used by a tur- 10 
bogenerator. 

BACKGROUND OF THE INVENTION 

When a turbogenerator utilizes gaseous fuel to is 
generate electricity, it is typically using natural gas from 
a natural gas pipeline. If the natural gas pipeline is in a 
residential or commercial area, the gas pressure is 
probably about two-tenths of a pound per square inch 
above atmospheric pressure (0.2 psig). The natural gas 20 
pipeline pressure is kept this low in residential^ and 
commercially zoned areas for fire safety reasons. A line 
leak or line break at higher pressures could release 
massive amounts of natural gas into populated areas 
with the attendant risk of explosion and fire. In industrial 25 
locations, the natural gas pipeline pressure can be any- 
where from twenty (20) psig to sixty (60) psig. Each nat- 
ural gas pipeline has its own gas pressure standard. 
The utilities that supply these pipelines make little war- 
ranty of what that pressure will be or that it will be main- 30 
tained at a relatively constant level. 

A turbogenerator may need natural gas supplied to 
its combustor nozzle manifold at a pressure as tow as 
one (1) psig when the turbogenerator is being started or 
at a pressure as high as forty (40) psig when the turbo- 35 
generator is being operated at full speed and at full out- 
put power. One type of turbogenerator can operate and 
generate power at any speed between twenty-five thou- 
sand (25,000) rpm and one hundred thousand 
( 1 00,000) rpm. Over this speed range, the gaseous fuel 40 
supply pressure requirements (in psig) can vary by 
twenty-five-to-one (25:1) and the gaseous fuel supply 
flow requirements can vary by twenty-to-one (20:1). The 
turbogenerator speed, combustion temperature and 
output power are controlled by the fuel pressure and the 45 
fuel flow rate established by the turbogenerator fuel 
control system. The pressure and flow of the gas deliv- 
ered to the turbogenerator manifold must be precisely 
controlled (e.g. to within 0.01%) to adequately control 
the turbogenerator speed, combustion temperature and so 
output power, 

A fuel control system for a turbogenerator needs to 
be able to reduce the natural gas pressure when the tur- 
bogenerator is being started or operated at low speed 
and low output power. But this fuel control system must ss 
also be able to increase the natural gas pressure when 
the turbogenerator is operated at high speed and high , 
output power. Thus, the fuel control system must have 



gas compression capability to increase the gas pres- 
sure. But it can reduce th gas pressure with either 
valves using Joule-Thompson expansion (which is 
wasteful of power) or with a turbine (which recovers the 
energy of the expanding natural gas and converts this 
into electrical power). 

Most conventional gaseous fuel compression and 
control systems for turbogenerators utilize an oil lubri- 
cated reciprocating compressor driven by a three (3) 
phase, sixty (60) cycle induction motor to boost the nat- 
ural gas pressure from whatever line pressure is availa- 
ble to a pressure of about one hundred (100) psig. 
There is typically an accumulator tank and a pressure 
sensor at the discharge of the reciprocating compres- 
sor. When the discharge pressure reaches about one 
hundred (1 00) psig, the pressure sensor turns the com- 
pressor motor off. The accumulator supplies the 
required turbogenerator gas flow when the compressor 
motor is turned off. The accumulator pressure decays 
with time until the pressure sensor determines that the 
pressure is below about sixty (60) psig. at which time it 
turns the compressor motor on again. Once again the 
pressure rises to about one hundred (1 00) psig at which 
point the pressure sensor turns the compressor motor 
off. This process of pressure ramp up and pressure 
decay (from sixty (60) psig to one hundred (100) psig 
and back) continues as long as the turbogenerator is in 
operation. The compressor/accumulator discharge gas 
pressure is too high and poorly regulated for direct use 
by a turbogenerator. This pressure is regulated down- 
ward to match the requirements of the turbogenerator 
by a very precise mass flow control valve. 

The mass flow control valve typically has a mass 
flow sensor that is insensitive to gas pressure, gas den- 
sity, or gas temperature. The valve is a servosystem in 
its own right, adjusting its internal electromechanical 
orifice to prevent accumulator pressure variations, from 
affecting the mass flow rate of natural gas delivered to 
the turbogenerator and to assure that the mass flow 
delivered to the turbogenerator is that commanded by 
the turbogenerator computer. The turbogenerator com- 
puter monitors the output power currently being 
demanded of the turbogenerator by the electrical load, 
computes the required changes in turbogenerator 
speed and combustion temperature required to supply 
that power, limits turbogenerator speed and combustion 
temperature to safe levels, then computes the mass 
flow of fuel required to achieve the latest desired turbo- 
generator speed and combustion temperature. The 
mass flow control valve is then commanded to deliver 
this mass flow rate. 

The use of oil lubricated reciprocating compres- 
sors, fixed speed compressor motors, accumulators, 
on-off pressure control, mass flow control valves, etc. in 
conventional fuel control systems results in numerous 
shortcomings: 

The fuel control system can be as large and heavy 



2 



3 



EP 0 837 231 A2 



4 



as the turbogenerator it supplies with gas and con- 
trols. 

The fuel control system can be as expensive as the 
turbogenerator it supplies with gas and controls. 
An oil coalescing filter with an oil return to the com- 5 
pressor oil sump as well as a depth filter are 
needed at the discharge of the compressor to pre- 
vent oil from contaminating the natural gas lines 
leading to the turbogenerator as well as contami- 
nating the turbogenerator's nozzles, combustor and w 
catalyst. 

If the oil coalescing filter and depth filter allow oil 
vapors or oil droplets to reach the natural gas lines 
leading to the turbogenerator, oil condensation and 
coalescing will allow liquid oil to plug these lines is 
resulting in severe turbogenerator speed surges. 
If the oil coalescing filter and depth filter allow oil 
vapors or oil droplets to reach the turbogenerator's 
nozzles or combustor, varnish build up will affect 
combustion adversely. 2l 
If the oil coalescing filter and depth filter allow oil 
vapors or oil dropiets to reach any catalyst used by 
the turbogenerator in its combustion or post com- 
bustion emissions control, the catalyst will be poi- 
soned and will cease to function. 2 t 
The compressor needs periodic servicing to check 
its oil level, top off its oil level and to change its oil. 
The filters require checking and periodic replace- 
ment. 

Turning the compressor on and off to control accu- 30 
mulator tank pressure shortens the compressor 
and motor life. 

The rings, rotary seals and sliding surfaces of the 
compressor wear and thus limit compressor life. 
The rotary seals of some compressor types can 35 
leak natural gas. especially after the passage of 
time and accumulated wear. 
The compressor produces pressure pulsations 
each time its piston strokes. These pulsations have 
to be overcome by compressing the gas to a higher 40 
pressure than would otherwise be needed (wasting 
power) and by the use of an accumulator tank and 
a fast acting mass flow control valve having a very 
high gain servosystem. 

The compressor/accumulator discharge pressure 45 
ramps up and decays down as the compressor is 
turned on and turned off to control accumulator 
tank pressure. These pressure variations also have 
to be overcome by compressing the gas to a higher 
pressure than would otherwise be needed (wasting so 
power) and by the use of an accumulator tank and 
a fast acting mass flow control valve having a very 
high gain servosystem. 

The accumulator tank is large, heavy, and of at 
least medium cost. 55 
The mass flow control valve is expensive, compli- 
cated, prone to calibration drift, prone to sealing 
problems, prone to particle contamination, prone to 



function induced hysterisis problems for some ver- 
sions, adversely affected by electrical noise ema- 
nating from the turbogenerator (due to its high 
servosystem gains), and is of questional reliabil- 
ity. 

Compressing the natural gas to a pressure far 
above that needed by the turbogenerator in order to 
have enough pressure differential across the mass 
flow control valve for the valve to operate w II is 
very wasteful of natural gas compression power. 

To avoid the aforementioned shortcomings of most 
conventional gaseous fuel compression and control 
systems, it is necessary to use a rotary compressor that 
is not oil lubricated, does not have rubbing shaft seals, 
and does not have sliding surfaces. Centrifugal com- 
pressors do meet these requirements. However, centrif- 
ugal compressors operate best (with high efficiencies) 
when they have a high throughput flow rate and a low 
pressure rise relative to their tip speed. These operating 
conditions are characterized as high specific-speed 
conditions. Under these conditions, a centrifugal com- 
pressor can operate with an efficiency on the order of 
seventy-eight percent (78%). But the flow rate and pres- 
sure rise requirements for the compressor in the gase- 
ous fuel compression and control system are for a low 
specific-speed compressor (low throughput flow rate 
and high pressure rise relative to the compressor's tip 
speed). A centrifugal compressor operating under these 
conditions would have an efficiency of less than twenty 
percent (20%). Under these conditions it would require 
a very large number of centrifugal compressors in 
series (e.g. ten (10)) to produce the same pressure rise 
for a given tip speed as could one (1) helical flow com- 
pressor. A helical flow compressor is an attractive can- 
didate for this application. A helical flow turbine can 
perform the function of the mass flow control valve while 
additionally generating electrical power when the natu- 
ral gas line pressure is greater than that needed by the 
turbogenerator. If a helical flow machine is used that 
can function as both a compressor and a turbine, the 
natural gas need only be compressed to forty (40) psig 
instead of to one hundred (100) psig, thereby saving 
power. 

A helical flow compressor/turbine operating as a 
compressor is a high-speed rotating machine that 
accomplishes compression by imparting a velocity head 
to each fluid particle as it passes through the machine's 
impeller blades and then converting that velocity head 
into a pressure head in a stator channel that functions 
as a vaneless diffuser. While in this respect a helical 
flow compressor has some characteristics in common 
with a centrifugal compressor, the primary flow in a hel- 
ical flow compressor is peripheral and asymmetrical, 
while in a centrifugal compressor, the primary flow is 
radial and symmetrical. The fluid particles passing 
through a helical flow compressor travel around the 
periphery of the helical flow compressor impeller within 



3 



5 



EP 0 837 231 A2 



6 



a generally horseshoe shaped stator channel Within 
this channel, the fluid particles travel along helical 
streamlines, the centerlin of the helix coinciding with 
the center of the curved stator channel. This flow pat- 
tern causes each fluid particle to pass through the 5 
impeller blades or buckets many times while the fluid 
particles are traveling through the helical flow compres- 
sor, each time acquiring kinetic energy. After each pass 
through the impeller blades, the fluid particles reenter 
the adjacent stator channel where they convert their 10 
kinetic energy into potential energy and a resulting 
peripheral pressure gradient in the stator channel. The 
multiple passes through the impeller blades (regenera- 
tive flow pattern) allows a helical flow compressor to 
produce discharge heads of up to fifteen (15) times 15 
those produced by a centrifugal compressor operating 
at equal tip speeds. A helical flow compressor operating 
at low specific-speed and at its best flow can have effi- 
ciencies of about fifty-five percent (55%) with curved 
blades and can have efficiencies of about thirty-eight 20 
percent (38%) with straight radial blades. 

A helical flow compressor can be utilized as a tur- 
bine by supplying it with a high pressure working fluid, 
dropping fluid pressure through the machine, and 
extracting the resulting shaft horsepower with a genera- 25 
tor. Hence the term "compressor/turbine" which is used 
throughout this application. 

Among the advantages of a helical flow compressor 
or a helical flow turbine are: 

30 

(a) simple, reliable design with only one rotating 
assembly; 

(b) stable, surge-free operation over a wide range 
of operating conditions (i.e. from full flow to no flow); 

(c) long life (e.g.. 40,000 hours) limited mainly by 35 
their bearings; 

(d) freedom from wear product and oil contamina- 
tion since there are no rubbing or lubricated sur- 
faces utilized; 

(e) fewer stages required when compared to a cen- 40 
trifugaj compressor; and 

(f) higher operating efficiencies when compared toa 
very low specific-speed (high head pressure, low 
impeller speed, low flow) centrifugal compressor. 

45 

The flow in a helical flow compressor can be visual- 
ized as two fluid streams which first merge and then 
divide as they pass through the compressor. One fluid 
stream travels within the impeller buckets and endlessly 
circles the compressor. The second fluid stream enters so 
the compressor radially through the inlet port and then 
moves into the horseshoe shaped stator channel which 
is adjacent to the impeller buckets. Here the fluids in the 
two streams merge and mix. The stator channel and 
impeller bucket streams continue to exchange fluid 55 
while the stator channel fluid stream is drawn around 
the compressor by the impeller motion. When the stator 
channel fluid stream has traveled around most of the 



compressor periphery, its further circular travel is 
blocked by the stripper plate. Th stator channel fluid 
stream then turns radially outward and exits from the 
compressor through the discharge port. The remaining 
impeller bucket fluid stream passes through the stripper 
plate within the buckets and merges with the fluid just 
entering the compressor/turbine. 

The fluid in the impeller buckets of a helical flow 
compressor travels around the compressor at a periph- 
eral velocity which is essentially equal to the impeller 
blade velocity. It thus experiences a strong centrifugal 
force which tends to drive it radially outward, out of the 
buckets. The fluid in the adjacent stator channel travels 
at an average peripheral velocity of between five (5) and 
ninety-nine (99) percent of the impeller blade velocity, 
depending upon the compressor discharge flow. It thus 
experiences an inertia) force which is much less t'r m 
that experienced by the fluid in the impeller buckets. 
Since thesr: vo inertia! forces oppose each other and 
are unequ** -he fluid occupying the impeller buckets 
and the sta^r channel is driven into a circulating or 
regenerative flow. The fluid in the impeller buckets is 
driven radially outward and "upward" into the stator 
channel. The fluid in the stator channel is displaced and 
forced radially inward and "downward" into the impeller 
bucket. 

. The fluid in the impeller buckets of a helical flow tur- 
bine travels around the turbine at a peripheral velocity 
which is essentially equal to the impeller blade velocity. 
It thus experiences a strong centrifugal force which 
would like to drive it radially outward if unopposed by 
other forces. The fluid in the adjacent stator channel 
travels at an average peripheral velocity of between one 
hundred and one percent (101%) and two hundred per- 
cent (200%) of the impeller blade velocity, depending 
upon the compressor discharge flow. It thus experi- 
ences a centrifugal force which is much greater than 
that experienced by the fluid in the impeller buckets. 
Since these two inertia! forces oppose each other and 
are unequal, the fluid occupying the impeller buckets 
and the stator channel is driven into a circulating or 
regenerative flow. The fluid in the impeller buckets is 
driven radially inward and "upward" into the stator chan- 
nel. The fluid in the stator channel is displaced and 
forced radially outward and "downward" into the impel- 
ler bucket. 

While the fluid in either a helical flow compressor or 
helical flow turbine is traveling regeneratively, it is also 
traveling peripherally around the stator-impeller chan- 
nel. Thus, each fluid particle passing through a helical 
flow compressor travels along a helical streamline, the 
centerline of the helix coinciding with the center of the 
generally horseshoe shaped stator-impeller channel. 

SUMMARY OF THE INVENTION 

In the present invention, the gaseous fuel compres- 
sion and control system and method utilizes a helical 
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flow compressor/turbine integrated with a permanent 
magnet motor/generator and driven by a torque control- 
ling inverter to compress or expand gaseous fuels, to 
precisely control fuel pressure and fuel flow delivered to 
a turbogenerator, and to precisely control the speed, the 
combustion or turbine exhaust temperature and the 
electrical power output of the turbogenerator. 

The gaseous fuel compression and control system 
can be comprised of (in order of in-line connection and 
gas flow): 1 ) a connection to a natural gas pipe line, 2) a 
solenoid actuated inlet shut-off valve, 3) an optional low 
pressure helical flow compressor/turbine permanent 
magnet motor/generator module (used if the natural gas 
pipeline pressure is very low), 4) a high pressure helical 
flow compressor/turbine permanent magnet motor/gen- 
erator module, 5) a discharge pressure sensor, 6) a 
solenoid actuated outlet shut-off valve, 7) a connection 
to the turbogenerator's combustor nozzle manifold, and 
8) a computer control system that sets the turbogenera- 
tor's inverter and motor/generator speed, monitors the 
turbogenerator's power output and turbine discharge 
temperatures, sets the helical flow compressor/turbine 
shaft torque, and monitors the helical flow compres- 
sor/turbine shaft speed. 

The method of gaseous fuel compression and con- 
trol includes establishing the turbogenerator speed 
required based upon the power load requirements of 
the turbogenerator, establishing the turbogenerator 
combustion or turbine exhaust temperature required 
based upon the power load requirements of the turbo- 
generator, establishing the gaseous fuel pressure 
requirements to produce the established turbogenerator 
speed and temperature, and commanding the helical 
flow compressor/turbine to produce the established 
gaseous fuel pressure by controlling the torque or the . 
speed of the helical flow compressor/turbine permanent 
magnet motor/generator 

The gaseous fuel compression and control system 
for a turbogenerator includes a helical flow compres- 
sor/turbine for supplying pressurized gaseous fuel to < 
the gaseous fuel nozzles of the turbogenerator combus- 
tor with the turbogenerator compressor supplying com- 
pressed air to the turbogenerator combustor. A motor, 
such as a permanent magnet motor, drives the helical 
flow compressor/turbine. A helical flow compressor/tur- 4 
bine motor inverter drive provides electrical power to the 
motor and receives operational phase and speed data 
from the motor. The inverter drive also receives maxi- 
mum speed and command torque control signals from 
the turbogenerator power controller which receives a 5< 
speed feedback signal from the helical flow compres- 
sor/turbine motor inverter drive. A turbogenerator speed 
signal and a turbine exhaust gas temperature signal are 
provided to the turbogenerator power controller from the 
turbogenerator. . . 5 < 

The helical flow compressor/turbine system is typi- 
cally thirty (30) to forty (40) times smaller than systems 
with reciprocating compressors; consumes about one- 



third (1/3) of the energy than other gaseous fuel com- 
pression systems use; does not require the use of an 
accumulator; does not compress the gaseous fuel to a 
pressure that is higher than is needed by the turbogen- 

5 erator and then throw the extra pressure away through 
regulation; does not cycle on and off does not operate in 
a pulsed mode; and is very fast and responsive having 
low inertia impeller wheels and being controlled by the 
same computer that controls the entire turbogenerator 

w combustion process. 

The helical flow compressor/turbine, typically hav- 
ing multiple compression stages, is driven at high speed 
on the order of thirty six thousand (36,000) rpm by a 
permanent magnet motor generator. It is designed to 
is produce very high pressure for a given impeller tip 
speed. A conventional centrifugal compressor passes 
gaseous fuel such as natural gas through its impeller 
blade to impart kinetic energy to the gaseous fuel. That 
kinetic energy or velocity energy is then converted to 

20 pressure energy in a diffuser channel. This happens 
only once as the gaseous fuel goes through the com- 
pressor. In order to obtain a large pressure rise, you 
either have to have an extremely high speed impeller 
with a very large diameter, or you have to have a large 

25 number of compression stages (on the order of forty 
(40)). 

A helical flow compressor/turbine also takes inlet 
gaseous fuel into its impeiler blades where it picks up 
kinetic energy or velocity energy and then the gaseous 

30 fuel goes into a stator channel (which is in effect a vane- 
less diffuser) where the kinetic energy is converted into 
pressure energy. While this happens only once in the 
typical centrifugal compressor, it typically happens 
twelve (12) to fifteen (15) times in a helical flow com- 

35 pressor/turbine. Thus, you can obtain about twelve ( 1 2) 
to fifteen (15) times as much pressure rise in a single 
stage of a helical flow compressor/turbine as you can 
obtain in a single stage of a centrifugal compressor. 

The helical flow compressor/turbine is also 
designed to produce very low flows whereas the centrif- 
ugal compressor requires higher flows for greater effi- 
ciency. Because of this, centrifugal compressors 
operating at high flows have higher efficiencies than hel- 
ical flow compressor/turbines running at their best effi- 

s ciencies. When, however, you compare centrifugal 
compressors with helical flow compressor/turbines with 
the same low flows, helical flow compressor/turbines 
actually have higher efficiencies. A centrifugal compres- 
sor operating at its best operating condition would be 

: operating at about a seventy eight percent (78%) effi- 
ciency. The centrifugal compressor would, however, be 
operating at its best flow which will be well above the 
flows needed by the turbogenerator. The helical flow 
compressor/turbine operating at its best flow can have 

r efficiencies with curved blades of about fifty five percent 
(55%) and with straight blades of about thirty eight per- 
cent (38%). The efficiency of the helical flow compres- 
sor/turbine with straight blades for the flows required by 
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the turbogenerator is about twenty five percent (25%) 
and with curved blades may be slightly over thirty per- 
cent (30%). On the other hand, the centrifugal compres- 
sor efficiency under similar conditions would be under 
twenty percent (20%) because it would be operating at 5 
such a low flow, well below where it is designed to oper- 
ate at. At these low flows, there is a lot of scroll leakage 
losses in the centrifugal compressor. 

The helical flow compressor/turbine has a light- 
weight wheel or impeller for a given throughput flow rate 10 
and pressure rise. The centrifugal compressor will be 
somewhat heavier with less ability to accelerate and 
decelerate than the helical flow compressor/turbine. If 
both a centrifugal compressor and a helical flow com- 
pressor/turbine were designed to provide what the tur- 15 
bogenerator requires, the impeller of the helical flow 
compressor/turbine would be much lighter and much 
easier to accelerate and decelerate than the impeller of 
the centrifugal compressor and the centrifugal com- 
pressor system would have many more stages. 20 

Since the pressure of the gaseous fuel introduced 
into the turbogenerator combustor is a function of the 
helical flow compressor/turbine shaft torque and shaft 
speed, the fuel control system computer can control the 
inverter which controls the motor which controls the 25 
compressor and effectively allows the computer to con- 
trol either the pressure or the flow of the helical flow 
compressor/turbine which is compressing gaseous fuel. 
In a helical flow compressor/turbine driven by a perma- 
nent magnet motor, or by an induction motor, you can 30 
control the torque the motor produces or control the 
motor speed or a mix of the two. Typically in this appli- 
cation, the torque is controlled since that controls the 
pressure rise of the compressor. Since the buckets have 
a known cross sectional area at a known radius to the 35 
center of the compressor/turbine motor shaft, there is a 
known pressure rise for a given motor torque. The gas- 
eous fuel to the turbogenerator can therefore be effec- 
tively controlled. 

The turbogenerator should be able to operate on 40 
whatever gaseous fuel you have available in a pipeline, 
anywhere from six (6) inches water gauge at the low 
end to about fifty (50) psi gauge pressure at the top end. 
If your initial gas pressure is too high, the helical flow 
compressor/turbine can be operated in a reverse direc- 45 
tion to function as a turbine and reduce the pressure 
coming into the turbogenerator so that you get the 
amount of fuel you need for initial ignition. After ignition,- 
combustion produces heat and combustion gas flow 
that drives the turbine and accelerates the turbogenera- so 
tor which raises the pressure of the turbogenerator 
compressor. As the turbogenerator compressor 
increases the pressure of the combustion air, you will 
also need to increase the gaseous fuel pressure to keep 
it somewhat higher so that there is a positive flow of 55 
gaseous fuel to the combustor nozzles. If for any reason 
the turbogenerator gets to a speed so as to produce 
more turbogenerator compressor discharge pressure 



than the gaseous fuel pressure, the gaseous fuel flow 
will stop and no gaseous fuel will enter the turbogenera- 
tor combustor and the turbogenerator goes down in 
speed. This in fact constitutes a speed control mecha- 
nism which works extremely well. 

A conventional gaseous fuel compression and con- 
trol system controls the fuel mass flow rate delivered to 
the turbogenerator but not the pressure of the fuel deliv- 
ered to the turbogenerator. If the flow is held constant, 
the turbogenerator speed can run away when the elec- 
tric power load suddenly drops off If the electrical load 
coming out of the turbogenerator drops off, more torque 
is available from the turbine to accelerate the wheel. 
The problem is controlling the speed in the system 
based upon controlling the mass flow of gaseous fuel. 
Only a high speed, high gain servosystem can prevent 
speed surges if fuel flow is controlled rather than fuel 
pressure. 

In the present invention, the pressure rather than 
the mass flow of the gaseous fuel is controlled and set 
to a pressure such as twenty five (25) psi gauge. The 
turbogenerator will automatically accelerate if the com- 
pressor discharge pressure is less than twenty three 
and one-half (23 1/2) psi gauge. At that point, the turbo- 
generator is getting the amount of fuel it needs to run. 
With a drop off of load at the turbogenerator, the most 
that the turbogenerator speed can increase is that 
change in speed associated with an increase of one and 
one-half (1 1/2) psi in compressor discharge pressure. 
The speed goes up about three percent (3%) or four 
percent (4%) (considered to be a speed error) and sta- 
bilizes out as the gaseous fuel flow naturally drops 
down. Essentially what the computer based control 
logic does is reduce this small error by using a limited 
amount of gain or by using limited authority integration 
reducing this small error to essentially zero with small 
variations in fuel pressure. This makes a stable servo- 
control. 

With prior art technology, there is almost no gain in 
the turbogenerator by virtue of the fuel pneumatics and 
the compressed air pneumatics, the gain is all in the 
computer that is controlling the gaseous fuel and that's 
a hard thing to do. What is done in the present invention 
is to use the turbogenerator as a moderate gain servo- 
system on its own right. If you control the fuel pressure, 
you control the turbogenerator speed within a five per- 
cent (5%) tolerance range for a wide range of output 
power. The turbogenerator keeps itself from overspeed- 
ing and enables the system to get by with a very low 
gain (thus stable) servosystem that is computer based. 
Noting the power that the customer wants electrically, 
the computer goes to look-up tables to determine the 
speed and temperature at which the turbogenerator 
should be operating to produce that power. Another 
look-up table determines what pressure the gaseous 
fuel should have to be consistent with that selected tur- 
bogenerator speed and temperature. The fuel pressure 
is then commanded to be equal to that level by changing 
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the speed of the helical flow compressor/turbine or by 
changing the torque of the helical flow compressor/tur- 
bine motor These conditions are obtained with a very 
small error because the prediction algorithms can be 
extremely accurate. A very small authority or limited 5 
gain integral proportional controller algorithm can trim 
out the last errors in speed, exhaust gas temperature, or 
output power. 

A gaseous fuel compression and control system 
based on the present invention stabilizes much faster 10 
than systems with reciprocating compressors and mass 
flow control valves. It has been demonstrated that this 
system can control a turbogenerator over a speed range 
of twenty four thousand (24,000) rpm to ninety six thou- 
sand (96,000) rpm and can control the turbogenerator 15 
speed to within ten (10) rpm and that it can also control 
the turbine exhaust temperature to within two (2) 
degrees Fahrenheit. It is a very friendly system which 
does not overshoot and is capable of overcoming many 
of the difficulties of prior systems. 20 

It is therefore the principle aspect of the present 
invention to provide an improved gaseous fuel compres- 
sion and control system and method for a turbogenera- 
tor. 

It is another aspect of the present invention to pro- 25 
vide a gaseous fuel compression and control system 
having means to compress gaseous fuel from natural 
gas line pressure to the pressure required by the turbo- 
generator combustor. 

It is another aspect of the present invention to pro- 30 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor to compress and 
raise the pressure of the gaseous fuel. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 35 
that utilizes a helical flow turbine to expand and reduce 
the pressure of the gaseous fuel. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine that can 40 
both compress (raise the pressure) and expand (lower 
the pressure) of the gaseous fuel. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 45 
with a permanent magnet motor/generator and an 
inverter that can utilize electrical energy to compress 
the gaseous fuel when the gaseous fuel supply pres- 
sure is less than that needed by the turbogenerator. 

It is another aspect of the present invention to pro- so 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 
with a permanent magnet motor/generator and a four 
quadrant inverter that can generate electrical power 
when the gaseous fuel supply pressure is greater than 55 
that needed by the turbogenerator. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 



that utilizes a helical flow compressor/turbine perma- 
nent magnet motor/g nerator that can shift or transition 
smoothly from generating electrical power while 
expanding or reducing the pressure of the gaseous fuel 
to utilizing electrical power to compress or increase the 
pressure of the gaseous fuel in response to changes in 
the natural gas line pressure or changes in the fuel 
pressure and/or fuel flow required by the turbogenera- 
tor. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine perma- 
nent magnet motor/generator and associated inverter 
that can precisely control the shaft torque of the helical 
flow compressor/turbine permanent magnet motor/gen- 
erator. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine perma- 
nent magnet motor/generator and associated inverter 
that can precisely monitor the shaft speed of the helical 
flow compressor/turbine permanent magnet motor/gen- 
erator. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine perma- 
nent magnet motor/generator and associated inverter 
that can precisely control and/or monitor both the shaft 
torque and the shaft speed of the helical flow compres- 
sor/turbine permanent magnet motor/generator. . 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 
with a permanent magnet motor/generator and a torque 
controlling inverter that can inherently control the 
change in gas pressure across the compressor/turbine 
(since pressure change is nominally proportional to 
torque). 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 
with a permanent magnet motor/generator and a torque 
controlling inverter with speed output data that can 
inherently control and/or monitor and/or provide data to 
compute the change in gas energy as the gaseous fuel 
passes through the helical flow compressor/turbine 
(since gas energy change is related to the product of 
shaft speed times shaft torque). 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine integrated 
with a permanent magnet motor/generator and a torque 
controlling inverter with speed output data that can pro- 
vide information to compute gaseous fuel flow rate. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a compressor/turbine that is not susceptible 
to fluid dynamic instabilities such as stall or surge (such 
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as are experienced by centrifugal compressors when 
flows are low, speeds are low and pressure changes 
across the compressor ar large) or to any other pres- 
sure or flow discontinuities in the pressure/flow profit . 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a rotary compressor/turbine that produces a 
large pressure change with low rotor tip speed. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a rotary compressor/turbine that can quickly 
and continuously adjust its gaseous fuel discharge flow 
rate to match changing pipeline or turbogenerator con- 
ditions. This requires low inertia impeller wheel(s). 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a rotary compressor/turbine that operates 
with reasonable efficiency when its specific-speed is 
low (i.e. when pressure change is high, tip speed is low 
and flow rate is low). 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a motor/generator that is efficient. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that utilizes a helical flow compressor/turbine that can 
be configured as a single stage, a two stage, or a three 
stage rotary machine. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not utilize a flow control valve downstream of 
the gaseous fuel compressor. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not compress the gaseous fuel to a pressure 
substantially above the pressure required by the turbo- 
generator since such high pressure compression would 
waste gas compression energy 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that compresses the gaseous fuel only to the pressure 
required by the turbogenerator (thus saving energy). 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that has no gas storage but compresses the gaseous 
fuel only when it is needed. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not require an accumulator tank. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not require the compressor to be turned on 
and off in order to control its discharge pressure when 
the natural gas pipeline pressure changes or the gas 
pressure flow required by the turbogenerator changes. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not utilize a compressor having pressure or 



flow pulsations in its discharge gas flow. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not utilize a compressor having pistons. 

s It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not utilize a compressor having rubbing or 
sliding surfaces. 

It is another aspect of the present invention to pro- 

w vide a gaseous fuel compression and control system 
that does not utilize a compressor havingrotary shaft 
seals. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
is that does not utilize a compressor that can have oil 
droplets or oil vapor entrained in its discharge gas flow. 

It is another aspect of the present invention to pro- 
vide a gaseous fuel compression and control system 
that does not utilize a compressor having oil lubrication. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 

Having thus described the present invention in gen- 
eral terms, reference will now be made to the accompa- 
25 nying drawings in which: 

Figure 1 is a plan view of a turbogenerator set utiliz- 
ing the gaseous fuel compression and control sys- 
tem and method of the present invention; 
30 Figure 2 is a perspective view, partially cut away, of 
a turbogenerator for the turbogenerator set of Fig- 
ure 1. 

Figure 3 is a block diagram, partially schematic, 
view of the gaseous fuel compression and control 

35 system and method of the present invention; 

Figure 4 is an end view of a two stage helical flow 
compressor/turbine permanent magnet motor/gen- 
erator for use in the gaseous fuel compression and 
control system and method of the present inven- 

40 tion; 

Figure 5 is a cross sectional view of the helical flow 
compressor/turbine permanent magnet motor/gen- 
erator of Figure 4 taken along line 5-5; 
Figure 6 is a cross sectional view of the helical flow 

45 compressor/turbine permanent magnet motor/gen- 
erator of Figure 4 taken along line 6-6; 
Figure 7 is an enlarged sectional view of the helical 
flow compressor/turbine permanent magnet 
motor/generator of Figure 4 illustrating the crosso- 

so ver of gaseous fuel from the low pressure stage to 
the high pressure stage; 

Figure 8 is an enlarged partial plan view of the hel- 
ical flow compressor/turbine impeller having 
straight radial blades and illustrating the flow of fluid 
55 therethrough; 

Figure 9 is an enlarged partial plan view of a helical 
flow compressor/turbine impeller having curved 
blades; 
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Figure 10 is an exploded perspective view of a sta- 
tor channel plate of th helical flow compressor/tur- 
bine permanent magnet motor/generator of Figure 
4; 

Figure 1 1 is an enlarged sectional view of a portion 5 
of Figure 7 illustrating fluid flow streamlines in the 
impeller blades and helical flow stator channels; 
Figure 12 is a schematic representation of the flow 
of fluid through a helical flow compressor/turbine; 
Figure 13 is a block diagram, partially schematic, w 
view of the gaseous fuel compression and control 
system and method of the present invention illus- 
trating two (2) helical flow compressor/turbines in 
series; 

Figure 14 is an alternate schematic representation 'is 
of the gaseous fuei compression and control sys- 
tem and method of the present invention; and 
Figure 15 is a graph of the pressure versus flow 
characteristics of a helical flow compressor. 

20 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A turbogenerator set 10 utilizing the gaseous fuel 
compression and control system and method of the 25 
present invention is illustrated in Figure 1 . A mounting 
platform 1 1 supports the turbogenerator 12, associated 
ducts 13, helical flow compressor/turbine permanent 
magnet motor/generator 14, turbogenerator set power 
controller 15, and line commutated inverter 16 (in two 30 
(2) enclosures). 

The turbogenerator 12 is illustrated in detail in Fig- 
ure 2 and generally comprises a permanent magnet 
generator 20. a power head 21, a combustor 22 and a 
recuperator (or heat exchanger) 23. 35 

The permanent magnet generator 20 includes a 
permanent magnet rotor or sleeve 26, having a perma- 
nent magnet disposed therein, rotatably supported 
within a permanent magnet stator 27 by a pair of spaced 
journal bearings. Radial permanent magnet stator cool- 40 
ing fins 28 are enclosed in an outer cylindrical sleeve 29 
to form an annular air flow passage which cools the per- 
manent magnet stator 27 and thereby preheats the air 
passing through on its way to the power head 21. 

The power head 21 of the turbogenerator 12 45 
includes compressor 30, turbine 31, and bearing rotor 
32 through which the tie rod 33 to the permanent mag- 
net rotor 26 passes. The compressor 30. having com- 
pressor impeller or wheel 34 which receives preheated 
air from the annular air flow passage in cylindrical so 
sleeve 29 around the permanent magnet stator 27, is 
driven by the turbine 31 having turbine wheel 35 which 
receives heated exhaust gases from the combustor 22 
supplied with air from recuperator 23. The compressor 
wheel 34 and turbine wheel 35 are supported on a bear- 55 
ing shaft or rotor 32 having a radially extending bearing 
rotor thrust disk 36. The bearing rotor 32 is rotatably 
supported by a single journal bearing within the center 



bearing housing 37 while the bearing rotor thrust disk 
36 at the compressor end of the bearing rotor 32 is 
rotatably supported by a bilateral thrust bearing. 

Intake air is drawn through the permanent magnet 
generator 20 by the compressor 30 which increases the 
pressure of the air and forces it into the recuperator 23. 
In the recuperator 23, exhaust heat from the turbine 31 
is used to preheat the air before it enters the combustor 
22 where the preheated air is mixed with fuel and 
burned. The combustion gases are then expanded in 
the turbine 31 which drives the compressor 30 and the 
permanent magnet rotor 26 of the permanent magnet 
generator 20 which is mounted on the same shaft as the 
turbine 31. The expanded turbine exhaust gases are 
then passed through the recuperator 23 before being 
discharged from trie turbogenerator 12. 

As illustrated in Figure 3, the helical flow compres- 
sor/turbine 1 4, having motor 42, includes a gaseous fuel 
inlet 40 to provide a gaseous fuel such as natural gas to 
the helical flow compressor/turbine 14 at line pressure 
and a gaseous fuel outlet 41 to provide elevated pres- 
sure gaseous fuel to the combustor 22 via nozzles 24. 
While the helical flow compressor/turbine motor 42 can 
be an induction motor, it would preferably be a perma- 
nent magnet motor which could also function as a 
permanent magnet generator. A helical flow compres- 
sor/turbine motor inverter drive 43 provides three (3) 
phase electrical power to the helical flow compres- 
sor/turbine motor 42 via electrical connection 44 and 
receives operational speed and phase data from the 
helical flow compressor/turbine motor 42 via electrical 
connection 45. 

The helical flow compressor/turbine motor inverter 
drive 43 receives torque control signals and maximum 
speed control signals 46 from the turbogenerator set 
power controller 15. The turbogenerator set power con- 
troller 15, which includes a central processing unit, 
receives helical flow compressor/turbine motor/genera- 
tor speed and current (torque is proportional to current) 
feedback signal 47 from the helical flow compressor/tur- 
bine motor inverter drive 43. A turbogenerator turbine 
exhaust gas temperature signal 50 from thermocouple 
51 in the turbogenerator turbine exhaust gas duct 52 is 
also provided to the turbogenerator set power controller 
15. 

The combustor 22 also includes a plurality of com- 
pressed air inlets 53 which provide pressurized air from 
the turbogenerator compressor 30 to the combustor 22. 
One or both of the gaseous fuel inlet 40 or gaseous fuel 
outlet 41 of the gaseous fuel helical flow compres- 
sor/turbine 14 may include a pressure sensor. Gaseous 
fuel inlet pressure sensor 55 and gaseous fuel outlet 
pressure sensor 56 can provide pressure data to the 
turbogenerator set power controller 15 via lines 57 and 
58, respectively. While both a gaseous fuel inlet pres- 
sure sensor 55 and a gaseous fuel outlet pressure sen- 
sor 56 are illustrated, only one may be required since if 
one pressure value is sensed, the other pressure value 
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can be accurately calculated. Further, the gaseous fuel 
helical flow compressor/turbine 14 of the present inven- 
tion is completely functional with or without pressure 
sensors in either or both of the gaseous fuel inlet 40 or 
the gaseous fuel outlet 41 . 5 

The turbogenerator permanent magnet generator 
20 exchanges three phase data with the turbogenerator 
set power controller 15 via lines 17, 18, and 19. 
Included in this data would be turbogenerator speed 
data. io 

The helical flow compressor/turbine permanent 
magnet motor/generator 14 is illustrated in detail in Fig- 
ures 4-11. While it is shown in a two (2) compression 
stage configuration, it should be recognized that the hel- 
ical flow compressor/turbine 14 may have a single com- 15 
pression stage or as many as three (3) compression 
stages. The helical flow compressorAurbine permanent 
magnet motor/generator is described in additional detail 
in a United States Patent Application filed on the same 
date as this application by Robert W. Bosley, Ronald F 20 
Miller, and Joel B. Wacknov entitled "Helical Flow Com- 
pressor/Turbine Permanent Magnet Motor/Generator", 
assigned to the same assignee as this application, and 
is herein incorporated by reference. 

A two (2) stage helical flow compressor/turbine per- 25 
manent magnet motor/generator is illustrated in Figures 
4-6 and includes a fluid inlet 56 to provide fluid to the 
helical flow compressor/turbine of the helical flow com- 
pressor/turbine permanent magnet motor/generator 
and a fluid outlet 58 to remove fluid from the helical flow 30 
compressor/turbine of the helical flow compressor/tur- 
bine permanent motor/generator. 

The helical flow compressor/turbine permanent 
magnet motor/generator includes a shaft 60 rotatably 
supported by bearings 61 and 62. The position of bear- 35 
ing 62 is maintained by two (2) back-to-back Bellevue 
type washers 65 which also prevent rotation of the outer 
bearing race. Low pressure stage impeller 63 and high 
pressure stage impeller 64 are mounted at one end of 
the shaft 60, while permanent magnet rotor 67 is 40 
mounted at the opposite end thereof between bearings 
61 and 62. The bearing 61 is held by bearing retainer 68 
while bearing 62 is held by bearing retainer 66. A bore 
seal tube 70 extends between bearing retainer 68 and 
bearing retainer 66. An O-ring or gasket 71 may be pro- 45 
vided in each of the bearing retainers 68 and 66 at both 
ends of the bore seal tube 70. 

Low pressure stripper plate 76 and high pressure 
stripper plate 77 are disposed radially outward from low 
pressure impeller 63 and high pressure impeller 64, so 
respectively. The permanent magnet rotor 67 on the 
shaft 60 is disposed to rotate within permanent magnet 
stator 166 which is disposed in the permanent magnet 
housing 69. 

The low pressure impeller 63 is disposed to rotate 55 
between the low pressure stator channel plate 72 and 
the mid stator channel plate 73 while the high pressure 
impeller 64 is disposed to rotate between the mid stator 



channel plate 73 and the high pressure stator chann I 
plate 74. Low pressure stripper plate 76 has a thickness 
slightly greater than the thickness of low pr ssure impel- 
ler 63 to provide a running clearance for the low pres- 
sure impeller 63 between low pressure stator channel 
plate 72 and mid stator channel plate 73 while high 
pressure stripper plate 77 has a thickness slightly 
greater than the thickness of high pressure impeller 64 
to provide a running clearance for the high pressure 
impeller 64 between mid stator channel plate 73 and 
high pressure stator channel plate 74. 

The low pressure stator channel plate 72 includes a 
generally horseshoe shaped fluid flow stator channel 78 
having an inlet to receive fluid from the fluid inlet 56. The 
mid stator channel plate 73 includes a low pressure 
generally horseshoe shaped fluid flow stator channel 80 
on the low pressure side thereof and a high pressure 
generally horseshoe shaped fluid flow stator channel 81 
on the high pressure side thereof. The low pressure 
generally horseshoe shaped fluid flow stator channel 80 
on the low pressure side of the mid stator channel plate 
73 mirrors the generally horseshoe shaped fluid flow 
stator channel 78 in the low pressure stator channel 
plate 72. The high pressure stator channel plate 74 
includes a generally horseshoe shaped fluid flow stator 
channel 82 which mirrors the high pressure generally 
horseshoe shaped fluid flow stator channel 81 on the 
high pressure side of mid stator channel plate 73. 

Each of the stator channels include an inlet and an 
outlet disposed radially outward from the channel. The 
inlets and outlets of the low pressure stator channel 
plate generally horseshoe shaped fluid flow stator chan- 
nel 78 and mid helical flow stator channel plate low 
pressure generally horseshoe shaped fluid flow stator 
channel 80 are axially aligned as are the inlets and out- 
lets of mid helical flow stator channel plate high pres- 
sure generally horseshoe shaped fluid flow stator 
channel 81 and high pressure stator channel plate gen- 
erally horseshoe shaped fluid flow stator channel 82. 

The gaseous fluid inlet 56 extends through both the 
low pressure stator channel plate 72 and low pressure 
stripper plate 76 to the inlets of both of the low pressure 
stator channel plate generally horseshoe shaped fluid 
flow stator channel 78 and the mid helical flow stator 
channel plate low pressure generally horseshoe shaped 
fluid flow stator channel 80. The gaseous fluid outlet 58 
extends from the outlets of both the mid helical flow sta- 
tor channel plate high pressure generally horseshoe 
shaped fluid flow stator channel 81 and the high pres- 
sure stator channel plate generally horseshoe shaped 
fluid flow stator channel 82 through the high pressure 
stator channel plate 74, through the high pressure strip- 
per plate 77, through the mid stator channel plate 73, 
through the low pressure stripper plate 76, and finally 
through the low pressure stator channel plate 72. 

The crossover from the low pressure compression 
stage to the high pressure compression stage is illus- 
trated in Figure 7. Both of the outlets from the low pres- 
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sure stator channel plate generally horseshoe shaped 
fluid flow stator channel 78 and mid helical flow stator 
channel plate low pressure generally horsesho shaped 
fluid flow stator channel 80 provide partially com- 
pressed fluid to the crossover 88 which in turn provides 5 
the partially compressed fluid to both inlets of mid heli- 
cal flow stator channel plate high pressure generally 
horseshoe shaped fluid flow stator channel 81 and high 
pressure stator channel plate generally horseshoe 
shaped fluid flow stator channel 82. 10 

The impeller blades or buckets are best illustrated 
in Figures 8 ( 9, and 11. The radial outward edge of the 
low pressure impeller 63 includes a plurality of low pres- 
sure blades 90 while the high pressure impeller 64 also 
includes a plurality of high pressure blades 91. While 15 
these blades 90 and 91 may be radiaiiy straight as 
shown in Figure 8, there may be specific applications 
and/or operating conditions where curved blades may 
be more appropriate or required. 

Figure 9 illustrates a portion of a helical flow com- 20 
pressor/turbine impeller having a plurality of curved 
blades 71 . The curved blade base or root 75 has less of 
a curve than the leading edge 79 thereof. The curved 
blade tip 82, at both the root 75 and leading edge 79 
would be generally radial. 25 

The fluid flow stator channels are best illustrated in 
Figure 10 which shows the stator channel plate 73. The 
generally horseshoe shaped stator channel 80 is shown 
along with inlet 85 and outlet 86. The inlet 85 and outlet 
86 would normally be relatively displaced approximately 30 
thirty (30) degrees. An alignment or locator hole 87 is 
provided in each of the low pressure stator channel 
plate 72, the mid stator channel plate 73 and the high 
pressure stator channel plate 74 as well as stripper 
plates 76 and 77. The inlet 85 is connected to the gen- 35 
erally horseshoe shaped stator channel 80 by a con- 
verging nozzle passage 95 that converts fluid pressure 
energy into fluid velocity energy. Likewise, the other end 
of the generally horseshoe shaped stator channel 80 is 
connected to the outlet 86 by a diverging diffuser pas- 40 
sage 96 that converts fluid velocity energy into fluid 
pressure energy. The fluid flow outlet for the generally 
horseshoe shaped stator channel 81 is shown as 99. 

The depth and cross-sectional flow area of fluid 
flow stator channel 80 are tapered preferably so that the 45 
peripheral flow velocity need not vary as fluid pressure 
and density vary along the fluid flow channel. When 
compressing, the depth of the fluid flow stator channel 
80 decreases from inlet to outlet as the pressure and 
density increases. Converging nozzle passage 95 and so 
diverging diffuser passage 96 allow efficient conversion 
of fluid pressure energy into fluid velocity energy and 
vice versa. 

In a helical flow compressor/turbine operating as a 
compressor, fluid enters the inlet port, is accelerated as ss 
it passes through the converging nozzle passage, is 
split into two (2) flow paths by a stripper plate, then 
enters the end of a generally horseshoe shaped stator 



channel axially adjacent to the impeller blades. The fluid 
is then directed radially inward to the root of the impeller 
blades by a pressure gradient, accelerated through and 
out of the blades by centrifugal force, from where it 
reenters the fluid flow stator channel. During this tim 
the fluid has been traveling tangentially around the 
periphery of the helical flow compressor/turbine. As a 
result of this, the helical flow is established as best 
shown in Figures 8, 1 1, and 12. 

The helical flow compressor/turbine is a regenera- 
tive type of machine in which the working fluid, in this 
case gaseous fuel, passes several times through a sin- 
gle impeller between the time it enters and leaves a 
given compression stage. The fluid energy rise per 
stage of compression is a function of the number of 
regenerations (up to fifteen) times the fluid energy rise 
during each passage through the impeller. 

Rgure 11 shows the flow through the impeller 
blades and the fluid flow stator channels by means of 
streamlines 39. On the other hand. Figure 12 schemati- 
cally illustrates the helical flow around the center of the 
impeller-stator channel. The turning of the flow is illus- 
trated by a ribbon of streamlines in Figure 12. The gen- 
erally circular line in Figure 12 represents the center of 
the impeller-stator channel. 

When the helical flow compressorrturbine functions 
as a compressor, the gaseous fuel, upon leaving the 
impeller, has a greater tangential velocity than the gas- 
eous fuel in the fluid flow stator channel. This high 
kinetic energy gaseous fuel decelerates and convert its 
kinetic or velocity energy into a potential or pressure 
energy and generates a pressure gradient around the 
fluid flow stator channel periphery. The gaseous fuel in 
the fluid flow stator channel, having less peripheral 
velocity than the gaseous fuel in the impeller blades, 
experiences a lower centrifugal force induced radial 
pressure gradient. Hence, there is a net radial pressure 
gradient in the fluid flow stator channel to direct the gas- 
eous fuel to the impeller root and create regenerative 
flow. 

Figure 1 3 illustrates the fuel compression and con- 
trol system of the present invention having two (2) heli- 
cal flow compressor/turbines 14' and 14" in series. Each 
helical flow compressor/turbine 14* and 14" has a sepa- 
rate inverter drive 43' and 43" respectively which 
receives maximum speed and maximum torque control 
signals 46' and 46" from turbogenerator set power con- 
troller 15'. Partially compressed gaseous fuel is taken 
from the outlet 41\of the first helical flow compres- 
sor/turbine 14* and delivered to the inlet 40" of the sec- 
ond helical flow compressor/turbine 14" by gaseous fuel 
line 94. 

An alternate representation of the helical flow com- 
pressor/turbine gaseous fuel compression and control 
system of the present invention is illustrated in Figure 
14. The elements common with Figure 3 are preceded 
by the numeral 1 in Figure 14; for example the helical 
flow compressor/turbine 14 of Figure 3 is designated as 
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helical flow compressor/turbine 114 in Figure 14. In 
addition, the helical flow compressor/turbine motor 
inverter drive 143 is shown as receiving two hundred 
forty (240) volt electrical power via electrical supply line 
195; and receiving a motor drive enable discrete signal 5 
196 and speed/torque mode discrete signal 197 both 
from the turbogenerator set power controller 1 15. A fuel 
shutoff signal 198 from the turbogenerator set power 
controller 115 is provided to the fuel shutoff valve 199 
between the gaseous fuel outlet pressure sensor 156 w 
and turbogenerator 1 12. A fuel inlet shutoff valve 198 is 
provided in fuel inlet line 140. 

Figure 15 is a graph of the pressure rise across a 
single stage helical flow compressor versus fluid flow 
rate through the compressor for constant impeller 15 
speed. The dashed straight line is provided to illustrate 
the slope or curve of the pressure rise line. 

The turbogenerator 12 is able to operate on what- 
ever gaseous fuel is available in a pipeline, anywhere 
from six (6) inches water gauge at the low end to about 20 
fifty (50) psi gauge pressure at the top end. If the initial 
natural gas pressure is too high, the helical flow com- 
pressor/turbine 14 can be operated in a reverse direc- 
tion to function as a turbine and reduce the pressure 
coming into the turbogenerator 12 so that the amount of 25 
fuel needed for initial ignition is obtained. That ignition 
then produces heat and turbine torque that accelerates 
the turbogenerator 12 which raises the pressure of the 
turbogenerator compressor 30. As the turbogenerator 
compressor 30 increases the pressure of the combus- 30 
tion air, the gaseous fuel pressure must be correspond- 
ingly increased to keep it somewhat higher so that there 
is a positive flow of gaseous fuel to the combustor noz- 
zle injectors. 

In order to start the system, the helical flow com- 35 
pressor/tu:* - ne motor 42 would normally be run back- 
wards to overcome the upstream pressure of the 
gaseous fuel. The backward speed of the helical flow 
compressor/turbine 14 would be slowly reduced until 
there is a positive fuel flow to the combustor nozzle 40 
injectors while the turbogenerator is maintained at a 
constant speed ideal for the igniters. Light-off will occur 
when the correct fuel air ratio, a function of the combus- 
tion process, is achieved. Before light-off, the speed of 
the helical flow compressor/turbine is the controlling fac- 45 
tor. After light -off, the controlling factor will be exhaust 
gas temperature during the remainder of the starting 
process. Once the light-off is completed the system will 
switch to a torque control mode. 

The natural gas header pressure that is needed to so 
operate the turbogenerator has to be extremely low for 
ignition. As the turbogenerator speed increases, the tur- 
bogenerator's compressor discharge pressure will 
increase up to as high as thirty seven (37) psi gauge. 
The natural gas pressure in the header that feeds the ss 
combustor nozzle injectors needs to be between three- 
tenths (0.3) psi above turbogenerator compressor dis- 
charge pressure to approximately a pound or pound 



and a half above turbogenerator compressor discharge 
pressure in order to accommodate gaseous fuel line 
losses or pressure drops in the various components in 
the gaseous fuel line to the combustor nozzle injectors. 

For exampl , if the natural gas line pressure is 
twenty (20) psi gauge when you want to light-off, the 
pressure will have to be reduced by seventeen (17) or 
eighteen (18) psi when the turbogenerator is turning on 
low speed. As the turbogenerator speed increases, the 
pressure that goes into the header can be increased, 
that is the pressure needs to be reduced less. Ignition 
typically will occur while the helical flow compressor/tur- 
bine is still turning backwards and reducing pressure . It 
is only after the helical flow compressor/turbine ceases 
to function as a turbine and starts to function as a com- 
pressor that the system can function in a speed control 
mode. 

When the helical flow compressor/turbine is operat- 
ing at near zero speed, there is a very low qain in terms 
of the pressure rise since pressure rise fc, * function of 
speed squared. Once, however, the syste m is run in a 
torque control mode, the system is much more forgiving 
since any incremental change in torque will produce a 
well defined change in helical flow compressor dis- 
charge pressure. This system is capable of operating in 
either a speed or torque control mode particularly if it is 
operating open loop. As currently configured, the sys- 
tem operates in a speed control mode for start up and a 
torque control mode for turbogenerator closed-loop 
exhaust gas temperature (egt) and speed control oper- 
ation. With pressure sensors both upstream and down- 
stream of the helical flow compressor/turbine, pressure 
rises can be detected and gains can be scheduled. The 
pressure sensors also permit fault diagnostics to advise 
if the helical flow compressor/turbine is leaking or if the 
extra pressure doesn't meet your requirements, for 
example, if the inlet gaseous fuel pressure is not within 
your specification range. Alternately, however, the pres- 
sure sensors can be simulated by virtue of algorithms. 

Once you have light-off, exhaust gas temperature 
increases. If the turbogenerator speed is known, turbo- 
generator compressor discharge pressure can be cal- 
culated as can the gaseous fuel pressure. The gaseous 
fuel pipeline pressure normally does not change over a 
short period of time. Gaseous fuel pipeline pressure 
will, however, change significantly from winter to sum- 
mer and even from night to day. If the gaseous fuel pipe- 
line pressure is known, it is a simple matter to calculate 
what helical flow compressor/turbine speed is required 
to obtain the gaseous fuel pressure at the header for the 
combustor nozzle injectors. With header pressure 
known, the turbogenerator speed for any mode will be 
known. There is a direct relationship between helical 
flow compressor/turbine speed and turbogenerator 
speed for any turbogenerator load. 

The torque on the helical flow compressor/turbine 
motor, a function of the helical flow compressor/turbine 
permanent magnet motor current, can readily be moni- 
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tored. Alternately, the helical flow compressor/turbine 
can run with thejmpellers turning but no torque in the 
helical flow compressor/turbine motor or a torque from 
the helical flow compressor/turbine motor which is sim- 
ply providing power for the bearings and windage drag. 5 
The system inherently includes four feedback signals. 
These are the speed of the turbogenerator which pro- 
vides compressor discharge pressure, the turbogenera- 
tor output power, turbine exhaust gas temperature and 
ambient air temperature. When operating at any given 10 
condition and a change in power is required, even 
before a change in command is provided to the helical 
flow compressor/turbine, the change of conditions to 
satisfy the new power demand is known. In other words, 
it is not necessary to wait for an error to determine what rs 
is required to correct the error. This enables a less lim- 
ited slew rate and permits more aggressive damping 
which means less overshoot risk and less authority for 
the integral controls. 

In addition, there may be hardware implemented 20 
shutdown limits as a backup to the software limits and 
software which are in the system. While the limits of the 
software based limits are reached long before you actu- 
ally hit the limits, the hardwired limits are really a strong 
safety clamp. 25 

When the system is being operated at a constant 
speed and experiences an increase in load, the speed 
will start to drop until the gaseous fuel flow is increased 
to maintain a constant speed of the turbogenerator. 
When higher fuel flow is requested, a command is pro- 30 
vided to the helical flow compressor/turbine to increase 
its speed to compensate for the change in power 
required. In an open loop, the speed is increased and 
then trimmed back to operate at peak efficiency. Unless 
the system is directly connected to a utility or can 35 
receive significant electrical power from batteries, turbo- 
generator output power cannot instantaneously be 
increased since output fuel flow cannot instantaneously 
be increased since turbogenerator turbine inlet temper- 
ature cannot instantaneously be increased. 40 

The system will have both a transient temperature 
limit and a steady state temperature limit. The transient 
temperature limits will be higher than the steady state 
temperature limits so that a low transient change can be 
accommodated without any significant drop-off in turbo- 45 
generator speed. Energy is required to accelerate the 
helical flow compressor/turbine impellers and that 
energy has to come from somewhere. It is either taken 
from thermal energy or delivered energy or any combi- 
nation of the two. The helical flow compressor/turbine so 
has a lightweight impeller and thus has a better tran- 
sient response time than other compressors. 

If the turbogenerator load suddenly drops off signif- 
icantly, the energy stored in the turbogenerator recuper- 
ator may require some kind of off-load bank, such as an 55 
electrical resistance bank to dissipate that energy. In 
stand-alone applications, a programmable device like a 
human interface will program a minimum load setting 



and a maximum load setting to prevent operating above 
a certain selected speed. Alternately, a valve can be uti- 
lized to simply dump discharge air pressure. It is simple 
to shut down the system if there is no longer any load by 
closing a solenoid valve upstream of the helical flow 
compressor/turbine. If you shut off the gaseous fuel 
flow, the system will essentially coast down to zero 
speed. 

In deference to the hydrodynamic bearings on the 
turbogenerator, the system would normally be run down 
gradually or after a shut down the system would be 
restarted to run at a lower speed such as thirty thou- 
sand (30.000) or forty thousand (40,000) rpm to dissi- 
pate any heat remaining in the recuperator. 

In most conventional systems, there would be a 
separate gaseous fuel helicai fiow compressor/turbine 
and a separate fuel metering valve. The system of the 
present invention eliminates the requirement for a sepa- 
rate metering valve. The helical flow compressor/turbine 
can effectively serve both functions of flow control and 
pressure control. By combining the fuel pressure and 
fuel flow control in the helical flow compressor/turbine, it 
is possible to maintain turbogenerator speed within plus 
or minus ten (10) rpm over a speed range of from 
approximately twenty four thousand (24,000) rpm to 
approximately ninety six thousand (96,000) rpm with a 
turbine exhaust gas temperature control within two (2) 
to three (3) degrees Fahrenheit. By primarily setting up 
pressure control such that a very small change in turbo- 
generator speed makes a big change in flow, the turbo- 
generator essentially stabilizes itself. Previous systems 
where the gaseous fuel compressor is run directly off 
the turbogenerator shaft with some kind of gear reduc- 
tion, cannot even approximate this capability. 

In order to provide a better understanding of the 
present invention, provided below are a series of 
sequential steps in a typical system operation of a sys- 
tem having an inlet shutoff valve, no inlet pressure sen- 
sor, a helical flow compressor/turbine permanent 
magnet motor/generator, an outlet pressure sensor and 
an outlet shutoff valve; 

1. With inlet valve shut, open outlet valve. 

2. Calibrate the outlet pressure sensor against 
atmospheric pressure. 

3. Close outlet valve, pause, open inlet valve. 

4. Using the just calibrated pressure sensor, deter- 
mine the natural gas line pressure. 

5. Close inlet valve. 

6. Using the just calibrated pressure sensor to mon- 
itor pressure decay, determine if there are any gas 
leaks in the gaseous fuel compression and control 
system. 

7. Compute the direction of rotation (usually back- 
ward) and approximate speed that the helical flow 
compressor/turbine must operate at (usually as a 
turbine) to provide the correct natural gas control 
system discharge pressure (usually about one psig) 
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for combustor ignition at the turbogenerator ignition 
speed (usually about 16,000 rpm) for the current 
natural gas line pressure. 

8. With outlet shut-off valve closed, set th helical 
flow compressor/turbine direction of rotation and s 
speed to the computed value. 

9. Trim the helical flow compressor/turbine speed to 
obtain the desired gaseous fuel control system dis- 
charge pressure for ignition (determined during pre- 
vious start-ups) using the just calibrated pressure w 
sensor. 

10. Accelerate the turbogenerator to the ignition 
speed using available electric power, the turbogen- 
erator's inverter and the turbogenerator's 
motor/generator operated as a motor. is 

1 1 . Open the outlet shut-off valve. 

1 2. Turn on the combustor ignitor. 

13. Monitor the turbine discharge temperature for 
evidence of ignition. 

14. If ignition does not occur in a short period (e.g. 20 
1/2 second), increase fuel control discharge pres- 
sure at a predetermine pressure versus time rate by 
changing the speed of the helical flow compres- 
sor/turbine (typically reducing its backward speed). 

15. When ignition occurs (as evidenced by an 25 
increase in turbine discharge temperature), compu- 
ter log the fuel control discharge pressure at which 
ignition occurred so that on the subsequent start 
cycles, this updated pressure can be set in step 9. 

16. Turn off the combustor ignitor. 30 

17. Accelerate the turbogenerator at a predeter- 
mined rate (speed versus time) until it reaches a 
speed moderately above the self sustaining speed 
(usually about 25,000 rpm) using available electric 
power, the turbogenerator's inverter and the turbo- 35 
generator's motor/generator operated as a motor. 
During this acceleration, the electrical power input 

to the turbogenerator's motor will decline as the tur- 
bogenerator's combustion driven turbine generates 
increasing shaft torque and power. During this 40 
acceleration the turbogenerator's centrifugal com- 
pressor discharge pressure increases (nominally 
with the square of turbogenerator speed). The fuel 
control system must deliver natural gas to the com- 
bustor nozzles at a pressure slightly above the cen- 45 
trifugal compressor's discharge pressure in order 
for the fuel to enter the combustor and sustain com- 
bustion. Fuel flow rate, combustion temperature 
and turbine torque are strong functions of the small 
difference between the fuel control discharge pres- so 
sure and the centrifugal compressor discharge 
pressure. There is, therefore, a relatively stable tur- 
bogenerator speed (that varies slightly with turbo- 
generator output power) for every level of fuel 
control discharge pressure. Thus, during this accel- 55 
eration the fuel control system must continually 
adjust the helical flow compressor/turbine shaft 
torque direction and level so as to assure the 



desired turbine discharge temperature which is pre- 
defined as a function of turbogenerator speed. 

18. When the turbogenerator has reached a speed 
at which no electrical power is required to acceler- 
ate it at the desired rate, continue to accelerat the 
turbogenerator to a yet higher speed with no electri- 
cal power being either utilized by or generated by 
the turbogenerator's permanent magnet motor/gen- 
erator but rather utilizing for acceleration the com- 
bustion driven turbine torque. During this 
acceleration the fuel control system must set the 
helical flow compressor/turbine shaft torque direc- 
tion and level so as to assure that the turbine dis- 
charge temperature is held within an acceptable 
range which is defined as a function of turbogen- 
erator :need (too low and flame out occurs, too 
high structural damage can occur) and so as to 
assur-, 'hat the desired speed versus time and 
maxi- i L. m speed setting are ^ved. 

19. Connect electrical load to ' 2 turbogenerator's 
generator either directly or through its inverter. 

20. This step of the operation sequence represents 
the normal operating condition for the gaseous fuel 
compression and control system and for the turbo- 
generator. The fuel control system must continually 
adjust the helical flow compressor/turbine shaft 
torque direction and level so as to assure that the 
desired turbine discharge temperature is held near 
the maximum value for each turbogenerator speed 
using a slow servocontrol loop and is held at the 
desired turbogenerator speed for the current output 
power using a fast servocontrol loop. 

Most turbogenerators operating with a low natural 
gas pressure will utilize a reciprocating compressor with 
a sixty (60) cycle phase motor to pump up the natural 
gas pressure to somewhere in the range of one hundred 
(100) psi gauge. This one hundred (100) psi gas is then 
stored in a pressure vessel or accumulator. An accumu- 
lator is required because the reciprocating compressor 
produces pressure pulsations and flow pulsations 
which, if applied directly to the combustor nozzles, 
could produce combustor tumble and/or blow out the 
combustor flame. A large accumulator will smooth out 
these pulsations or variations. In addition, the recipro- 
cating compressor is cycled on and off since if run con- 
tinuously it would continue to build up pressure. For 
example, the reciprocating compressor would run until 
the pressure in the accumulator reached one hundred 
ten (110) psi and then would be shut off until the pres- 
sure went down to eighty (80) psi when it again would 
be turned on. The accumulator is required to compen- 
sate for this on/off cycling which is of considerably 
longer duration than the pressure pulsations from the 
reciprocating compressor. 

Once the accumulator has a stabilized natural gas 
pressure, the pressure must be reduced in a pressure 
regulator to a pressure which will always be below the 



14 



27 



EP 0 337 231 A2 



28 



lowest pressure in the accumulator. A flow control valve 
is then used to determine the natural gas flow to the 
combustor nozzle injectors. The flow control valve is 
usually computer controlled with the computer receiving 
information about turbogenerator speed, turbine 
exhaust gas temperature, and required turbogenerator 
power. The amount of natural gas flowing through the 
flow control valve would be a function of these three (3) 
parameters and their rate of change. 

This type of system is relatively complicated and 
throws a lot of energy away by first compressing to a 
higher pressure than is required and then reducing the 
natural gas pressure to that which is actually required. It 
is also a fairly large system and requires a lot of power 
to produce the natural gas compression. Further, recip- 
rocating compressors are typically oil lubricated and 
thus require oil removal systems. If the oil removal sys- 
tems do not function to prevent oil from getting into the 
combustion process, the surface and walls of the com- 
bustor can be contaminated and varnish can build up on 
the nozzle injectors and other combustor components. 

The helical flow compressor/turbine system of the 
present invention overcomes all of the above disadvan- 
tages of a reciprocating gaseous fuel compressor sys- 
tem. 

While specific embodiments of the invention have 
been illustrated and described, it is to be understood 
that these are provided by way of example only and that 
the invention is not to be construed as being limited 
thereto but only by the proper scope of the following 
claims. 

Claims 

1. A gaseous fuel compression and control system, 
comprising: 

a turbogenerator set including a turbogenerator 
and turbogenerator power controller, said tur- 
bogenerator including a compressor, a turbine, 
a combustor with a plurality of gaseous fuel 
nozzles and a plurality of air inlets, a recupera- 
tor, and a permanent magnet motor/generator; 
a helical flow compressor/turbine for supplying 
pressurized gaseous fuel to the gaseous fuel 
nozzles of said turbogenerator combustor, said 
turbogenerator compressor supplying com- 
pressed air to said air inlets of said turbogen- 
erator combustor; 

a motor operably associated with said helical 
flow compressor/turbine to drive said helical 
flow compressor/turbine; and 
a helical flow compressor/turbine motor 
inverter drive operably associated with said 
helical flow compressor/turbine motor to pro- « 
vide electrical power to said helical flow com- 
pressor/turbine motor and receive operational 
data from said helical flow compressor/turbine 



motor, said helical flow compressor/turbine 
motor inverter drive also operably associated 
with said turbogenerator power controller to 
receive control signals from said turbogenera- 
5 tor power controller, said turbogenerator power 

controller also receiving operational data from 
said helical flow compressor/turbine motor 
drive inverter and turbogenerator parameter 
signals from said turbogenerator. 

10 

2. The gaseous fuel compression and control system 
of claim 1 wherein said operational data received by 
said helical flow compressor/turbine motor inverter 
from said helical flow compressor/turbine motor 

is includes motor phase data and/or motor speed 
data. 

3. The gaseous fuel compression and control system 
of claim 1 or 2 wherein said control signal received 

20 by said helical flow compressor/turbine motor 
inverter drive from said turbogenerator power con- 
troller includes a torque control signal and/or a 
speed control signal, eg. a maximum speed control 
signal. 

25 

4. The gaseous fuel compression and control system 
of any preceding claim wherein said turbogenerator 
parameter signal received by said turbogenerator 
power controller includes turbogenerator speed 

30 and/or turbogenerator turbine exhaust gas temper- 
ature. 

5. The gaseous fuel compression and control system 
of any preceding claim wherein said helical flow 

35 compressor/turbine inlet includes a pressure sen- 
sor to provide an inlet pressure signal to said turbo- 
generator power control and/or said helical flow 
compressor/turbine outlet includes a pressure sen- 
sor to provide an outlet pressure signal to said tur- 

40 bogenerator power controller. 

6. The gaseous fuel compression and control system 
of any preceding claim wherein said motor for said 
helical flow compressor/turbine is a permanent 

45 magnet motor/generator. 

7. The gaseous fuel compression and control system 
of claim 6 wherein said helical flow compressor/tur- 
bine and said permanent magnet motor/generator 

so share a common shaft. 

8. The gaseous fuel compression and control . system 
of claim 7 wherein said helical flow compressor/tur- 
bine and permanent magnet motor/generator on a 

)5 common shaft comprise: 

a housing including a permanent magnet stator 
positioned at one end thereof: 
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a shaft rotatably supported within said housing; 
a permanent magnet rotor mounted on said 
shaft at said one end thereof and operably 
associated with said permanent magnet stator; 
and 5 
an impeller mounted at the other end of said 
shaft, said impeller having at least one row of a 
plurality of blades; 

said housing including a generally horseshoe 
shaped fluid flow stator channel operably asso- w 
ciated with each row of the plurality of impeller 
blades, a fluid inlet at one end of said generally 
horseshoe shaped fluid flow stator channel, 
and a fluid outlet at the other end of said gener- 
ally horseshoe shaped fluid flow stator chan- is 
nel, the fluid in said generally horseshoe 
shaped fluid flow stator channel proceeding 
from said fluid inlet to said fluid outlet while fol- 
lowing a generally helical flow path with multi- 
ple passes through said impeller blades. 20 

9. The gaseous fuel compression and control system 
of claim 8 wherein: said impeller has two rows each 
of a plurality of blades, with one row of said plurality 

of blades disposed on either side of the outer 25 
periphery of said impeller; and 

said housing includes two generally horseshoe 
shaped fluid flow stator channels with one of 
said two generally horseshoe shaped fluid flow 30 
stator channels operably associated with one 
of said two rows of impeller blades and the 
other of said two generally horseshoe shaped 
fluid flow stator channels operably associated 
with the other of said two rows of impeller 35 
blades, said housing also including a stripper 
plate disposed radially outward from said 
impeller, a fluid inlet at one end of each of said 
two generally horseshoe shaped fluid flow sta- 
tor channels, and a fluid outlet at the other end 40 
of each of said two generally horseshoe 
shaped fluid flow stator channels, the fluid in 
each of said generally horseshoe shaped fluid 
flow stator channels proceeding from its fluid 
inlet to its fluid outlet while following a generally 45 
helical flow path with multiple passes through 
said impeller blades operably associated with 
said generally horseshoe shaped fluid flow sta- 
tor channel. 

50 

10. The gaseous fuel compression and control system 
of claim 8 wherein: a low pressure impeller is 
mounted at the other end of said shaft, said low 
pressure impeller having two rows each of a plural- 
ity of blades, with one row of said plurality of blades 55 
disposed on either side of the outer periphery of 
said low pressure impeller; and 



a high pressure impeller is mounted at the 
other end of said shaft, said high pressure 
impeller having two rows each of a plurality of 
blades, with one row of said plurality of blades 
disposed on either side of the radially outward 
edge of said high pressure impeller; 
said housing including a mid stator channel 
plate disposed between said low pressure 
impeller and said high pressure impeller, a first 
pair of generally horseshoe shaped fluid flow 
stator channels with one of said first pair of 
generally horseshoe shaped fluid flow stator 
channels operably associated with one of said 
two rows of low pressure impeller blades and 
the other of said first pair of generally horse- 
shoe shaped fluid flow stator channels opera- 
bly associated with the other of said two rows 
of low pressure impeller blades, and a second 
pair of generally horseshoe shaped fluid flow 
stator channels with one of said second pair of 
generally horseshoe shaped fluid flow stator 
channels operably associated with one of said 
two rows of high pressure impeller blades and 
the other of said second pair of generally 
horseshoe shaped fluid flow stator channels 
operably associated with the other of said two 
rows of high pressure impeller blades; 
said housing also including a low pressure 
stripper plate disposed radially outward of said 
low pressure impeller, a high pressure stripper 
plate disposed radially outward of said high 
pressure impeller, a fluid inlet at one end of 
each of said first pair of generally horseshoe 
shaped fluid flow stator channels, and a fluid 
outlet at the other end of said first pair of said 
generally horseshoe shaped fluid flow stator 
channels and a fluid inlet at one end of each of 
said second pair of generally horseshoe 
shaped fluid flow stator channels and a fluid 
outlet at the other end of said second pair of 
said generally horseshoe shaped fluid flow sta- 
tor channels, said inlet of said second pair of 
said generally horseshoe shaped fluid flow sta- 
tor channels communicating with the outlet of 
said first pair of said generally horseshoe 
shaped fluid flow stator channels; and 
the fluid in each of said generally horseshoe 
shaped fluid flow stator channels making multi- 
ple generally helical passes between said gen- 
erally horseshoe shaped fluid flow stator 
channel and said impeller blades as the fluid 
proceeds from said inlet to said outlet of said 
generally horseshoe shaped fluid flow stator 
channel. 

11. The gaseous fuel compression and control system 
of claim 8 wherein: a low pressure impeller is 
mounted at the other end of said shaft, said low 
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pressure impeller having two rows each of a plural- 
ity of blades^with one row of said plurality of blades 
disposed on either side of the outer periphery of 
said low pressure impeller; 

5 

a medium pressure impeller is mounted at the 
other end of said shaft adjacent to said low 
pressure impeller, said medium pressure 
impeller haying two rows each of a plurality of 
blades, with one row of said plurality of blades w 
disposed on either side of the outer periphery 
of said medium pressure impeller; 
a high pressure impeller is mounted at the 
other end of said shaft adjacent to said medium 
pressure impeller, said high pressure impeller is 
having two rows each of a plurality of biades, 
with one row of said plurality of blades dis- 
posed on either side of the outer periphery of 
said high pressure impeller; 
said housing including a first mid stator channel 20 
plate disposed between said low pressure 
impeller and said medium pressure impeller, a 
first pair of generally horseshoe shaped fluid 
flow stator channels with one of said first pair of 
generally horseshoe shaped fluid flow stator 25 
channels operably associated with one of said 
two rows of low pressure impeller blades and 
the other of said first pair of generally horse- 
shoe shaped fluid flow stator channels opera- 
bly associated with the other of said two rows 30 
of low pressure impeller blades, and a" second 
pair of generally horseshoe shaped fluid flow 
stator channels with one of said second pair of 
generally horseshoe shaped fluid flow stator 
channels operably associated with one of said 35 
two rows of medium pressure impeller blades 
and the other of said second pair of generally 
horseshoe shaped fluid flow stator channels 
operably associated with the other of said two 
rows of medium pressure impeller blades; 40 
said housing also including a second mid stator 
channel plate disposed between said medium 
pressure impeller and said high pressure 
impeller and a third pair of generally horseshoe 
shaped fluid flow stator channels with one of 45 
said third pair of generally horseshoe shaped 
fluid flow stator channels operably associated 
with one of said two rows of high pressure 
impeller blades and the other of said third pair 
of generally horseshoe shaped fluid flow stator so 
channels operably associated with the other of 
said two rows of high pressure impeller blades; 
said housing further including a low pressure 
stripper plate disposed radially outward of said 
low pressure impeller, a medium pressure 55 
stripper plate disposed radially outward of said 
medium pressure impeller, and a high pressure 
stripper plate disposed radially outward of said 



high pressure impeller; 

said housing further including a fluid inlet at 
one end of each of said generally horseshoe 
shaped fluid flow stator channels, and a fluid 
outlet at the other end of each of said generally 
horseshoe shaped fluid flow stator channels, 
said inlets of said high pressure generally 
horseshoe shaped fluid flow stator channels 
communicating with the outlets of said medium 
pressure generally horseshoe shaped fluid flow 
stator channels and said inlets of said medium 
pressure generally horseshoe shaped fluid flow 
stator channels communicating with the outlets 
of said low pressure generally horseshoe 
shaped fluid flow stator channels; and 
the fluid in each of said generally horseshoe 
shaped fluid flow stator channels making multi- 
ple generally helical passes between said gen- 
erally horseshoe shaped fluid flow stator 
channel and said impeller blades as the fluid 
proceeds from said inlet to said outlet of said 
generally horseshoe shaped fluid flow stator 
channel. 

12. The gaseous fuel compression and control system 
of claim 9 or 1 0 or 1 1 wherein the or each said strip- 
per plate has a thickness slightly greater than the 
thickness of the respective impeller to provide a 
running clearance for the impeller. 

13. The gaseous fuel compression and control system 
of any of daims 8 to 12 wherein said impeller 
blades are straight radial blades. 

14. The gaseous fuel compression and control system 
of any of claims 8 to 12 wherein said impeller 
blades are curved blades having a generally radial 
blade tip. 

15. The gaseous fuel compression and control system 
of claim 14 wherein said curved impeller blades 
have a leading edge with a greater curve than the 
curve of the blade root. 

16. The gaseous fuel compression and control system 
of any of claims 8 to 15 and in addition, a bore seal 
tube disposed between said permanent magnet 
stator and said permanent magnet rotor to prevent 
the working fluid from contacting said permanent 
magnet stator. 

1 7. The gaseous fuel compression and control system 
of any preceding claim comprising: 

a first helical flow compressor/turbine; 
a first motor operably associated with said first 
helical flow compressor/turbine to drive said 
first helical flow compressor/turbine; 
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a first helical flow compressor/turbine motor 
inverter drive operabiy associated with first said 
helical flow" compressor/turbine motor to pro- 
vide el ctrical power to said first helical flow 
compressor/turbine motor and receive opera- 5 
tional data from said first helical flow compres- 
sor/turbine motor; 

a second helical flow compressor/turbine; 
a second motor operabiy associated with said 
second helical flow compressor/turbine to drive 10 
said second helical flow compressor/turbine; 
and 

a second helical flow compressor/turbine motor 
inverter drive operabiy associated with second 
said helical flow compressor/turbine motor to 15 
provide electrical power to said second helical 
flow compressor/turbine motor and receive 
operational data from said second helical flow 
compressor/turbine motor; 
said first helical flow compressor/turbine 20 
receiving gaseous fuel and supplying interme- 
diately pressurized gaseous fuel to the second 
helical flow compressor/turbine and said sec- 
ond helical flow compressor/turbine supplying 
pressurized gaseous fuel to the gaseous fuel 25 
nozzles of said turbogenerator combustor, said 
turbogenerator compressor/turbine supplying 
compressed combustion air to said air inlets of 
said turbogenerator combustor ; 
said first and said second helical flow compres- 30 
sor/turbine motor inverter drives also operabiy 
associated with said turbogenerator power 
controller to receive control signals from said 
turbogenerator power controller, said turbogen- 
erator power controller also receiving opera- 35 
tional data from said helical flow 
compressor/turbine motor inverter and turbo- 
generator parameter signals from said turbo- 
generator. 

40 

18. A method of gaseous fuel compression and control 
for a turbogenerator supplied with gaseous fuel by a 
helical flow compressor/turbine, comprising the 
steps of: 

45 

establishing the turbogenerator speed required 
based upon the power load requirements of the 
turbogenerator; 

establishing the turbogenerator combustion 
temperature or turbine exhaust gas tempera- so 
ture based on the power load requirements of 
the turbogenerator; 

establishing the gaseous fuel pressure require- 
ments to produce the established turbogenera- 
tor speed and established temperature; and 55 
commanding the helical flow compressor/tur- 
bine permanent magnet motor/generator to 
produce the established gaseous fuel pressure 



by controlling the torque or speed of the helical 
flow compressor/turbine permanent magnet 
motor/generator. 

19. The method of gaseous fuel compression and 
control of claim 18 wherein the turbogenerator 
is supplied with gaseous fuel by a pair of heli- 
cal flow compressor/turbine permanent magnet 
motor/generators in series and the pair of heli- 
cal flow compressor/turbine permanent magnet 
motor/generators in series are commanded to pro- 
duce the established gaseous fuel pressure by 
controlling the torque or speed of the individual hel- 
ical flow compressor/turbine permanent magnet 
motor/generators. 

20. The method of gaseous fuel compression and con- 
trol of claim 18 or 19 wherein the or each said heli- 
cal flow compressor/turbine permanent magnet 
motor/generators functions as a turbine when the 
pressure of the gaseous fuel supplied is greater 
than that needed by the turbogenerator combustor 
and functions as a compressor when the pressure 
of the gaseous fuel supplied is less than that 
needed by the turbogenerator combustor with a 
smooth transition between said functions. 

21. A gaseous fuel compression and control system 
comprising a helical flow compressor/turbine inte- 
grated with a permanent magnet motor/generator, 
and a turbogenerator controlled by said integrated 
compressor/turbine and motor/generator. 
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FIG. 1 
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FIG. 4 
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FIG. 5 
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FIG. 13 
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FIG. 14 
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